The base excision repair system for 8-hydroxyguanine (8-OH-Gua) is believed to play a role in the prevention of mutations, such as GC-to-TA transversion, which leads to cancer development. However, the exact repair mechanism is still unclear. In this study, we examine whether the repair activity level for 8-hydroxyguanine, one of the major forms of oxidative DNA damage, depends on the sequence of the substrate DNA. We prepared six different oligonucleotides containing 8-hydroxyguanine as substrates and reacted them with crude extracts from the livers and kidneys of 8-week-old Sprague-Dawley rats. As a result, up to a 10-fold difference in the repair activity levels was observed, depending on the substrates used. Based on this observation, we suggest that the repair systems may act with sequence specificity on the damaged DNA.
INTRODUCTION
When oxygen free radicals attack nuclear DNA, several kinds of base modifications, such as 2, 6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), 8-hydroxyadenine (8-OH-Ade), 2-hydroxyadenine (2-OH-Ade), and 8-hydroxyguanine (8-OH-Gua), are produced 1) . Since 8-OH-Gua, one of the major forms of oxidative DNA damage, is known to induce GCto-TA transversions 2, 3) , it is believed that the level of 8-OH-Gua in the nuclear DNA is related to the risk of human cancer development 4, 5) and aging 6, 7) . We previously reported that a renal carcinogen, Fe-NTA, increased the 8-OH-Gua level in rat kidney 8) . Shen et al. showed that aflatoxin B1 increased the 8-OH-Gua level in rat hepatic DNA 9) . These reports suggest that 8-OH-Gua plays a notable role in carcinogenesis and, therefore, it is undoubtedly important to clarify the repair mechanisms that regulate the level of 8-OH-Gua in nuclear DNA. The DNA repair system is very important in the prevention of nuclear DNA damage 10) . Recently, studies of the repair enzymes that remove 8-OH-Gua from nuclear DNA have been reported. Several groups have reported on the cloning, sequencing, and characterization of the 8-oxoguanine DNA glycosylase (OGG1) gene from humans [11] [12] [13] . It was demonstrated that the protein possesses a glycosylase activity that releases 8-OH-Gua opposite C and T in DNA 14) .
It is well known that some types of DNA damage form at hot spots with specific DNA sequences in vivo. Moraes et al. reported that plasmid DNA base changes induced by hydrogen peroxide exhibited sequence specificity 15) . Rodriguez et al. reported the sequence specificity of copper/hydrogen peroxide-induced DNA damage 16) . These reports suggest that the local DNA sequence affects the formation of oxidative DNA damage. Although the previous reports indicate the sequence specificity of oxidative DNA damage, to our knowledge, no data about the sequence specificity of DNA base excision repair has been reported. In the present study, we used six different oligonucleotides containing 8-OH-Gua in order to examine whether the endonuclease nicking activity level depended on the sequence of the substrate DNA.
MATERIALS AND METHODS

Design and preparation of oligonucleotides containing 8-hydroxyguanine.
The sequences of the oligonucleotides used in our study are shown in Table 1 . Five of them were 22 mer DNAs and the other was a 21 mer DNA. SQ 1 is the same oligonucleotide as described in our previous reports 4, [6] [7] [8] . Other sequences were designed based on the following stipulations: (1) These sequences do not contain two sets of four bases extracted from the published consensus sequences (5-25 bases). (2) Since we used crude extracts as the enzyme samples, we needed to avoid any influence on the repair reaction. Therefore, SQ 2, 3, 4, 5, and 6 were designed to lack the sequences for any reported DNA binding protein. Based on these stipulations, we selected four sequences (SQ 2, 3, 4, and 5) from the HIV type-1 envelope gene, and SQ 6 as random sequence. They were prepared by method of Bodepudi et al. 17) and were purified by high-performance liquid chromatography. Before use, they were diluted to 5 pmol / ml with H 2 O and were labeled with 32 P at the 5'-end. Table 1 . Sequences of the oligonucleotides used as substrates for the 8-OH-Gua endonuclease nicking assay. GGC  CTG  ACG*  CAT  TCC  CCA  A  3'  SQ2: 5' TAG  AAC  AGA  TG*C  ATG  AGG  ATA  T  3'  SQ3: 5' GGG  ATC  AAA  G*CC  TAA  AGC  CAT  G  3'  SQ4: 5' AGC  AAC  AAT  GAG*  TCC  GAG  ATC  T  3'  SQ5: 5' CAC  ATA  G*TT  TTA  ATT  GTG  TAG  3'  SQ6: 5' GGA  TCC  AGC  G*AT  CCA  TAC  GTA  T  3 Endonuclease nicking assay. The excision repair activities in rat organs were assayed by previous method 18) . Briefly, livers and kidneys removed from sacrificed male Sprague-Dawley rats (8-weeks old) were homogenized in a buffer (50 mM Tris-HCl, 50 mM KCl, 3 mM EDTA, 5 mM magnesium acetate, and 3 mM 2-mercaptoethanol, pH 7.4) containing protease inhibitors (5 µg / ml each of pepstatin, leupeptin, antipain, and chymostatin) with a Dounce-type homogenizer. After the homogenates had been centrifuged at 10000 × g to obtain crude extracts, the total protein concentration of the crude extracts was adjusted to 5 mg / ml. The 21 or 22 mer double-stranded synthetic oligonucleotides containing 8-OH-Gua were used as substrates ( Table 1 ). Ten µl of the crude extract (5 µg protein / µl) was incubated with the same volume of the 32 P end-labeled double-stranded DNA substrate (5 tmol / µl) at 25°C for 1 hr. After two ethanol precipitations, the pellet was dried, dissolved in 10 µl of loading buffer (80% formamide, 10 mM NaOH, 1 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue), and denatured by heating at 90°C for 3 min. A ten µl aliquot of the sample was applied to a 20% denaturing polyacrylamide gel for electrophoresis. The autoradiograms of the gels were processed using an imaging plate (BAS 2000 (20 X 40)), and the radioactivity was analyzed using a Bioimage analyzer system (Fujix BAS 2000). A hot piperidine-treated oligonucleotide (SQ 1) was also loaded on the same gel as a fragment marker 19) . The repair activity is expressed as the ratio of the excised fragment activity to the total activity (substrate activity plus fragment activity). Statistical analyses were performed using the unpaired Student t-test. Probability values less than 0.05 were considered to indicate significant differences. All of the analyses were executed by the StatView 4.01 program (Berkeley, CA).
SQ1: 5' GGT
RESULTS
We used six oligonucleotide sequences containing 8-OH-Gua (Table 1) to examine whether or not the level of 8-OH-Gua endonuclease nicking activity is dependent on the sequence of the substrate DNA.
The gel autoradiograms indicated that the levels of the 8-OH-Gua endonuclease nicking activities differed among the six substrate oligonucleotides (Fig. 1) . The upper bands on the autoradiogram indicate the remaining intact oligonucleotides (21 or 22 mer) and the lower bands represent the short fragments excised by the 8-OH-Gua repair enzyme. The mobility of the cleaved fragment, generated as a consequence of the excision repair activity, was compared to that of the fragment marker, a hot piperidine-treated oligonucleotide (SQ 1) 19) . As can be seen in Fig. 2, SQ 1 showed high susceptibility as a substrate for the 8-OH-Gua nicking enzymes in both liver and kidney extracts. SQ 6 also showed high susceptibility to the enzymes in only the liver extract. Oligonucleotides SQ 2, 3, 4, and, 5 showed low susceptibility to the enzymes in both liver and kidney extracts, as compared to SQ 1 and 6. The repair activity of SQ 1 in the kidney extract was approximately10-fold higher than that of SQ 5.
When we compared the liver and kidney repair patterns, we could see differences between them. It is likely that the sequence specificity pattern depends on the organ. While the repair activity in the liver for SQ 6 was approximately the same as that for SQ 1, the activity in the kidney for SQ 6 was about 35% of that of SQ 1 (Fig. 2) . In order to quantitate this observation, we calculated the ratio of the repair activity of the kidney with that of the liver (Fig. 3) , which revealed some variation in the sequences. Especially for SQ 1, the ratio is relatively high in comparison to other sequences. The repair activity of the kidney is higher than that of the liver for every oligonucleotide, which is consistent with our previous report 7) .
DISCUSSION
Many types of DNA damage have been reported thus far, and in particular, oxidative DNA damage is believed to be an important mutagen in cancer development. 8-OH-Gua is one of the most abundant types of oxidative DNA damage, and is known to cause GC-to-TA transversions 3) . On the other hand, 8-OH-Gua in the nuclear DNA of mammalian cells 20) or bacterial cells 21) is repaired in vivo by repair enzymes. However, little is known about the 8-OH-Gua repair systems of mammalian cells.
As far as DNA damage is concerned, many studies have indicated that the positions of some types of DNA damage are related to their local sequences 15, 16) . It is inferred that the sequence specificity of the repair level is, in part, responsible for the sequence specificity of DNA damage. However, the relationship between the position of the DNA damage and the repair mechanisms is unclear. Thus, we examined the sequence specificity of the 8-OH-Gua base excision repair activity. It is believed that the 8-OH-Gua repair system is complicated because enzymes other than OGG1 may work in the repair mechanisms. In fact, Hill et al. reported that AP-endonuclease affects human OGG1 activity 22) . In our study, we tried to analyze the total nicking activity including OGG1 and other enzymes, such as AP-endonuclease.
In this experiment, we prepared six different oligonucleotides containing 8-OH-Gua, and examined whether the 8-OH-Gua repair activity levels in rat liver and kidney showed any variations among these six oligonucleotides. As a result, we observed differences in the 8-OH-Gua repair activity levels with the oligonucleotides used in this experiment. Based on our observations, we suggest two possible conclusions about the relationship between the 8-OH-Gua repair activity level and the sequence of the substrate DNA. First, there might be some sequence specificity in the 8-OH-Gua repair activity level. Although we did not design all of the possible neighboring sequences, it is evident that the 8-OH-Gua repair activity levels, at least, depend on the sequence of the substrate DNA. It is worth mentioning that the CG*Cand CG*-sequences in SQ 1 and SQ 6 are hot spots for oxidative DNA damage 16) . It is reasonable to speculate that organisms have developed a repair system particularly for 8-OH-Gua in these sequences. Interestingly, SQ 2, 3, 4, and 5 were derived from the HIV type-1 envelope gene, and their repair activity levels were low in comparison to other substrate DNAs. This observation is compatible with the evidence that the HIV envelope gene has a high mutation frequency 23) . Although our data are insufficient to establish any hypothesis, the 8-OH-Gua repair activity levels might depend on the local sequence of DNA containing 8-OH-Gua.
Another notable point concerning our results is that the pattern of the 8-OH-Gua repair activity levels in the six kinds of oligonucleotides differed among the tested organs. Particularly, in SQ 6, the repair activity in the liver was almost the same as the repair activity with SQ 1; however, the activity in kidney was about 35% of that with SQ 1. This variation among the organs might be related to the organ specificity of carcinogenesis. Thus, the sequence specificity of the 8-OH-Gua repair activity levels might be, in part, organ specific.
Collectively, our results suggest that the sequence specificity of a DNA repair enzyme may be responsible for mutational hot spots. The limited number of oligonucleotides used in our experiment does not allow us to propose any exact rules. Further systematic studies using various combinations of neighboring sequences will be required.
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